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1. Introduction 
Differentiation of the murine erythroleukemia cell 
line established in [ 1 ] can be initiated by treatment 
with a variety of agents [2-4]. Terminally differen- 
tiated cells undergo morphological changes, cease to 
proliferate [ 1 ], accumulate globin and other proteins 
associated with the mature rythroid phenotype [5], 
and demonstrate alterations in protein synthesis [6] 
and phosphorylation f nuclear and membrane pro- 
teins [7-10]. Since both calcium and cyclic AMP 
have been implicated in the regulation of cell prolif- 
eration and differentiation [9,11,12] and both of 
these agents can exert an influence on the state of 
phosphorylation f cellular proteins, we have exam- 
ined their effects on the in vitro phosphorylation f 
proteins in a soluble fraction from MEL cells at vari- 
ous times during the process of differentiation. 
2. Materials and methods 
2.1. Cell culture and induction 
The tetraploid MEL cell line 179, kindly provided 
by Dr Albert Deisseroth, was grown in RPMI 1640 
media (Gibco) supplemented with 1 0% fetal bovine 
serum. Induction of the cells was performed by inoc- 
ulating at 5 × 104 cells/ml, and following 2-3 genera- 
Abbreviations: MEL, mouse erythroleukemia; DMF, dimethyl- 
formamide; DMSO, dimethylsulfoxide; ActD, actinomycin D, 
Mr, relative molecular mass; SDS-PAGE, sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis; Hepes, 4-(2- 
hydroxyethyl)-l-piperazine-N'-2-ethanesulfonic acid 
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tions, DMSO, DMF (Sigma), or ActD was added to a
final concentration f 1.25% (v/v), 120 mM and 4 nM, 
respectively. The proportion of benzidine-positive 
(i.e., hemoglobin-containing) cells was monitored at 
various times using a benzidine peroxide stain [ 15]. 
2.2. Preparation of cytosol 
Cells were harvested by centrifugation at5 × 103 
g.  rain and washed 3 times with 20 mM Hepes 
(pH 7.3), 120 mM sucrose, 5 mM MgSO4. All manipu- 
lations were carried out at 4°C. Cell pellets were resus- 
pended in 2 vol. 5 mM Hepes (pH 7.3), 5 mM MgSO4, 
17/~g/ml phenylmethylsulfonylfluoride, 10/ag/ml 
1-tosylamide-2-phenylethylchloromethyl ketone
(Sigma) and gently homogenized using a motor-driven 
Dounce homogenizer. Greater than 80% lysis was 
achieved as determined by trypan blue exclusion. The 
homogenate was buffered to 40 mM Hepes (pH 7.3) 
prior to centrifugation for 3 X l0 s g.  min. Protein 
concentration f the resulting supernatant was deter- 
mined by the dye binding method in [13] and all 
supernatants were diluted to equivalent protein con- 
centrations (5 mg/ml) with Hepes buffer. 
2.3. Protein phosphorylation assay and electropho- 
resis 
All points were assayed at 30°C for 2 rain in a final 
volume of 50 gl containing 40 mM Hepes (pH 7.3), 
10 mM ethylene glycol bis-(fl-aminoethyl ether)- 
N,N,N',N'-tetraacetic acid, 2 mM MgSO4, 20/aM 
[7-a2P] ATP spec. act. 0.2 Ci/mol (1 Ci = 3.7 X 10 l° 
Bq) and 90/ag supernatant protein. Conditions were 
adjusted to 100/aM free Ca 2÷ and/or 50 gM cyclic 
AMP where indicated. The reaction was terminated 
by addition of an equal volume 0.1 M Tris-HC1 
(pH 6.8), 2% mercaptoethanol, 2% glycerol and heat 
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for 2 rain at 100°C. SDS-PAGE was done as in [14] 
using a gradient slab gel (6-17% acrylamide), The pro- 
tein bands were stained with Coomassie Blue R-250 
(Bio-Rad Labs.), dried on f'dter paper and radioactive 
proteins visualized by autoradiography using Kodak 
X-Omat film. 
3. Results 
3.1. Effect of DMF on protein phosphorylation 
patterns 
As early as 48 h, DMF induced a decrease in phos- 
phorylation of a protein o fM r 120 000 that was 
unaffected by either Ca 2÷ or cyclic AMP (fig. 1). This 
is accompanied by an increased phosphorylation in 
the low-M r region of the gel over the same time 
period. 
3.2. Effect of calcium on protein phosphorylation 
Supernatant fractions from control and induced 
cells were incubated in the absence or presence of
100 gM free Ca 2÷ which stimulated the phosphoryla- 
tion of a protein with M r 100 000 (fig.l) in both con- 
trol and differentiated cells. This Ca 2÷ effect appears 
to be independent of the state of differentiation of
the cells. 
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Fig.1. Autoradiogram of Ca 2÷ effect on supernatant protein phosphorylation from ti e course of MEL cells induced todifferen- 
tiate with DMF. Cells were cultured and assayed as in section 2. Lanes 1-6 represent supernatant from cells exposed to inducer 
for 0, 1, 2, 3, 4 and 5 days, respectively, which was assayed in the absence of exogenous Ca 2÷ and cyclic AMP. Lanes 7-12 also 
represent supernatant from cells exposed toinducer for 0, 1,2, 3, 4 and 5 days, respectively, but assayed in the presence of 100 #M 
free Ca 2÷, Arrows on the left indicate the proteins with M r 120 000 and 100 000 described in the text. Mr-Standards indicated on 
the right include: #-galactosidase, phosphorylase b, bovine albumin, ovalbumin, catalase ndtrypsin inhibitor with M r 116 000, 
96 000, 68 000, 45 000, 30 000 and 21 000, respectively. 
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3.3. Effect of cyclic AMP on phosphorylation 
Cyclic AMP increased the phosphorylation f a 
protein at M r 58 000 in cells induced with DMF over 
that seen with control cells. A prominent cyclic AMP- 
dependent, Ca2+-independent phosphoprotein appears 
atM r 70 000 after the first 24 h exposure to DMF 
(fig.2). To determine whether these changes were 
unique to the differentiated cell and not a function of 
the inducer used, cells were treated with either DMSO 
or ActD or 120 h and the supernatant phosphopro- 
reins compared with the DMF results. Greater than 
80% of the cells differentiated regardless of inducer 
employed. Two features of differentiation are clearly 
evident (fig.3): 
(i) The loss of phosphorylation at M r 120 000 is 
dependent on the agent used to induce differen- 
tiation. The addition of either DMF or DMSO 
results in the loss in phosphorylation at this M r 
but ActD does not; 
(ii) The appearance of a cyclic AMP-dependent Ca 2+- 
independent phosphorylation at M r 70 000 is 
apparent regardless of inducer used. 









Fig.2. Autoradiogram of the Ca =+, cyclic AMP effect of supernatant protein phosphorylation from ti e course of MEL cells induced 
to differentiate with DMF. Cells were cultured and assayed as in section 2. Lanes 1-6 represent supernatant from cells exposed to 
inducer for 0, 1,2, 3, 4 and 5 days, respectively, which was assayed in the absence of exogenous Ca 2+, but in the presence of 
50 taM cyclic AMP. Lanes 7-12 represent supernatant from cells exposed to inducer for 0, 1, 2, 3, 4 and 5 days, respectively, and
assayed in the presence of 100 taM free Ca ~+ and 50 taM cyclic AMP. Arrows on the left indicate phosphorylation  M r 120 000 
and 100 000 described for fig.1 and cyclic AMP-dependent phosphorylations M r 70 000 and 58 000 described in the text. 
Mr-Standards are indicated on the right. 
212 
Volume 142, number 2 FEBS LETTERS June 1982 
4. Discussion 
The addition of various agents with marked chemi- 
cal diversity results in the differentiation of the MEL 
cell with the acquisition of the mature rythroid 
phenotype. We have demonstrated marked alterations 
in the phosphorylations of cytosolic proteins during 
the induced ifferentiation. We have shown a marked 
decrease in the phosphorylation f a protein with 
M r 120 000, 48 h following the addition of DMF. 
This decrease in protein phosphorylation appears to 
be dependent on the inducer utilized and indepen- 
dent of either cyclic AMP or calcium. Synthesis and 
phosphorylation f cytosol and membrane proteins 
during the induced ifferentiation f MEL cells was 
examined in [ 10]. A marked dephosphorylation of 
plasma membrane proteins hortly after treatment 
with several inducers was noted. 
We have also demonstrated the presence of a spe- 
cific cyclic AMP-dependent protein phosphorylation 
at M r 70 000 within 24 h following the addition of 
the inducer and prior to the onset of the differenti- 
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Fig.3. Autoradiogram of Ca 2+ and cyclic AMP effect on supernatant protein phosphorylation from MEL cells induced todifferen- 
tiate with DMSO and ActD. Cells were cultured with no additions or for 5 days in the presence of ActD or DMSO. Supernatant was 
prepared and assayed as previously described. Lanes 1-3 represent supernatant from Control, ActD- and DMSO-treated ceils, 
zespectively, assayed in the absence of exogenous Ca 2+ and cyclic AMP. Lanes 4-6 represent supernatant from control, ActD- and 
DMSO-treated cells, respectively, assayed in the presence of 100 #M free Ca 2+. Lanes 7-9 represent supernatant from control, 
ActD- and DMSO-treated ceils, respectively, assayed in the absence of Ca 2+ and in the presence of 50 #M cyclic AMP. Lanes 10-12 
represent supernatant from control, ActD-and DMSO-treated cells, respectively, assayed in the presence of 100 #M free Ca 2+ and 
50 ,M cyclic AMP.Mr-Values ofproteins referred to in the text are indicated on the left. 
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ated state. This cyclic AMP-dependent protein phos- 
phorylation is independent of  the inducer used, and 
occurs when i ducers with different initial mecha- 
nisms of action are utilized [4]. 
Using MEL-synchronized cells, cells cultured with 
inducers manifested a transient 5-6-fold increase in 
cyclic AMP during mid-S phase ~4 h following the 
addition of the inducer [ 17]. Strains of the mouse 
erythroleukemia cell which were resistant to DMSO- 
induced differentiation did not demonstrate elevation 
of cyclic AMP upon the addition of DMSO. In addi- 
tion, these authors demonstrated that several cyclic 
nucleotide phosphodiesterase inhibitors also elevate 
cyclic AMP content, prolong the GI, and induce 
murine erythroleukemia cell differentiation [ 18]. 
Cyclic AMP growth inhibition has been shown to 
occur in the G1]early S period of the cell cycle [16], 
which is significant because commitment of the MEL 
cell to erythroid ifferentiation appears to also occur 
in the late G~/early S phase with prolongation of the 
G1 [ 11,1 2]. These observations, along with the fact 
that cyclic AMP almost universally mediates its effects 
via stimulation of protein phosphorylation, implicates 
the early cyclic AMP-dependent protein phosphoryla- 
tion events that we have demonstrated ascrucial in 
the differentiation process. 
Acknowledgements 
This work was supported in part by Grant AM- 
25249 from NIH and an institutional grant from the 
American Cancer Society. C. A. E. is recipient of a 
fellowship from WVU Medical Corporation Research 
fellowship. 
References 
[1] Friend, C., Sher, W., Holland, J. G. and Sato, T. (1971) 
Proc. Natl. Acad. Sci. USA 68,378-382. 
[2] Tanaka, M., Levy, J., Takada, M., Breslow, R., Rifkind, 
R. A. and Marks, P. A. (1975) Proc. Natl. Acad. Sci. 
USA 72, 1003-1006. 
[3] Gusella, J. F. and Housman, D. (1976) Cell 8,263-269. 
[4] Gazitt, Y. (1981) Cancer R s. 41, 1184-1186. 
[5] Boyer, S. H., Wuu, K. D., Noyes, A. N., Young, R., 
Scher, W., Friend, C., Preisler, H. D. and Bank, A. 
(1972) Blood 40,823-835. 
[6] Harel, L., Blat, C., Lacour, F. and Friend, C. (1981) 
Proc. Natl. Acad. Sci. USA 78,3882-3886. 
[7] Neumann, J. R., Owens, B. B. and Ingram, V. M. (1979) 
Arch. Biochem. Biophys. 197,447-453. 
[8] Neumann, J. R., Housman, D. and Ingram, V. M. (1978) 
Exp. Cell Res. 111,277-284. 
[9] Neumann, J., Whittaker, R., Blanchard, B. and lngram, 
V. (1978) Nucleic Acids Res. 5, 1675-1687. 
[10] Gazitt, Y. and Friend, C. (1981) Cancer Res. 41, 
1064-1069. 
[ 11 ] Boynton, A., Whitfield, J. F., Isaacs, R. J. and Tremblay, 
R. C. (1977) J. Cell Physiol. 92,241-247. 
[12] Mailer, J. L. and Krebs, E. G. (1980) Curr. Top Cell. 
Regul. 16,271-311. 
[13] Bradford, M. M. (1976) Anal. Biochem. 72,248-254. 
[14] Laemmli, K. (1970) Nature 227,680-685. 
[15 ] Peterson, J. L. and McConkey, E. H. (1976) J. Biol. 
Chem. 251,551-558. 
[16] Whitfield, J. F., Boynton, A. I., MacManus, J. P., 
Sikorska, M. and Tsang, B.K. (1979) Mol. Cell Bio- 
chem. 227, 2657-2661. 
[17] Gazitt, Y., Reuben, R. C., Deitch, A. P., Marks, P. A. 
and Rifkind, R. A. (1978) Cancer R s. 38, 3779-3783. 
[18] Pawelek, J. M. (1979) J. Cell. Physiol. 98,619-625. 
214 
